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Reaction Trajectory of Pyrophosphoryl Transfer
Catalyzed by 6-Hydroxymethyl-7,8-Dihydropterin
Pyrophosphokinase
ment of novel antibiotics that are urgently needed to
fight the worldwide antibiotic resistance.
Phosphoryl transfer catalyzed by kinases takes place
at the -phosphorus of nucleoside triphosphate,
whereas pyrophosphoryl transfer catalyzed by pyro-
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Summary system for the mechanistic studies of enzymatic pyro-
phosphoryl transfer in addition to its significance in the
6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase development of novel antimicrobial agents.
(HPPK) catalyzes the Mg2-dependent pyrophosphoryl Comparative analysis of the crystal structures of apo-
transfer from ATP to 6-hydroxymethyl-7,8-dihydrop- HPPK (Xiao et al., 1999) and its ternary complex with
terin (HP). The reaction follows a bi-bi mechanism with HP and an ATP analog has revealed that the complete
ATP as the first substrate and AMP and HP pyrophos- active center of HPPK is assembled only after both sub-
phate (HPPP) as the two products. HPPK is a key en- strates bind to the enzyme (Blaszczyk et al., 2000). The
zyme in the folate biosynthetic pathway and is essen- assembling of the active center involves large conforma-
tial for microorganisms but absent from mammals. tional changes, particularly in the catalytic loops 1–3,
For the HPPK-catalyzed pyrophosphoryl transfer, a among which loop 3’s conformational change is not only
reaction coordinate is constructed on the basis of the dramatic but also unusual. Instead of moving in toward
thermodynamic and transient kinetic data we reported the active center, loop 3 moves out in the opposite
previously, and the reaction trajectory is mapped out direction upon the binding of an MgATPanalog; residues
with five three-dimensional structures of the enzyme in the loop move as much as 17 A˚ and the hand-
at various liganded states. The five structures are shaped molecule appears to open up (Xiao et al., 2001).
apo-HPPK (ligand-free enzyme), HPPK·MgATPanalog (bi- We concluded that this unusual conformational change
nary complex of HPPK with its first substrate) and is necessary to bring the catalytic residues R82 and R92
HPPK·MgATPanalog·HP (ternary complex of HPPK with into the active center (Blaszczyk et al., 2003; Li et al.,
both substrates), which we reported previously, and 2003; Xiao et al., 2001). In this study, we describe the
HPPK·AMP·HPPP (ternary complex of HPPK with both reaction coordinate constructed on the basis of our ther-
product molecules) and HPPK·HPPP (binary complex modynamic and transient kinetic data (Li et al., 2002;
of HPPK with one product), which we present in this Shi et al., 2000) and present the crystal structure of
study. HPPK in complex with both product molecules (AMP
and HPPP) and that in complex with one product (HPPP),
completing a series of five snapshots along the reactionIntroduction
trajectory of HPPK-catalyzed pyrophosphoryl transfer,
i.e., apo-HPPK (Xiao et al., 1999), HPPK·MgATPanalog6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase
(Xiao et al., 2001), HPPK·MgATPanalog·HP (Blaszczyk et(HPPK) is a key enzyme in the folate biosynthetic path-
al., 2000), HPPK·AMP·HPPP (this work), and HPPK·way (Shiota, 1984). It catalyzes the transfer of pyrophos-
HPPP (this work).phate from ATP to 6-hydroxymethyl-7,8-dihydropterin
(HP); AMP and HP pyrophosphate (HPPP) are the two
products of the reaction. Folate cofactors are essential
Results and Discussionfor life (Blakley and Benkovic, 1984). Mammals have an
active transport system for deriving folates from their
Structure Determination and Descriptiondiet. In contrast, most microorganisms must synthesize
The crystallization details for both complexes, HPPK·folates de novo because they lack the active transport
AMP·HPPP and HPPK·HPPP, are summarized in Table 1.system. Therefore, enzymes in the folate pathway are
Different concentrations of AMP and HPPP were tested.excellent targets for developing antimicrobial agents.
Only at high concentrations (Table 1) were the bindingTo date, HPPK is not the target for any existing antibiot-
sites of HPPK for the product molecules fully occupied.ics and is therefore an attractive target for the develop-
We solved both structures by molecular replacement
and refined the structures at high resolution (Table 2).
The final 2Fo-Fc electron density for the product mole-*Correspondence: jix@ncifcrf.gov
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Table 1. Crystallization Details for the HPPK·AMP·HPPP and HPPK·HPPP Complexes
HPPK·AMP·HPPP HPPK·HPPP
Protein Solution
Protein (mg/ml) 9 9
AMP (mM) 75
HPPP (mM) 25 50
NaCl (mM) 50
Buffer 0.1 M Tris-HCl (pH 8.0) 0.1 M Tris-HCl (pH 8.0)
Reservoir Solution
PEG 4000 (%, w/v) 28 30
Ammonium acetate (M) 0.2 0.2
Sodium azide (mM) 2
Glycerol (%, v/v) 2
Buffer 0.2 M sodium acetate (pH 4.6) 0.2 M sodium acetate (pH 4.6)
Crystal
Shape Plate Block
Dimensions (mm) 0.05  0.35  0.35 0.10  0.10  0.20
cules is shown in Figure 1. In the HPPK·AMP·HPPP abilities; and residues S13, N55, and N103 have two
conformations with an occupancy ratio 2:1; and residuestructure, residues K23, T35, K85, A86, R144, and H148,
the phosphate group of AMP, and the pyrophosphate A86 has disallowed φ/ angles. Among the disordered
residues, residues 23, 35, 104, 144, and 148 are locatedgroup of HPPP have two conformations with equal prob-
Table 2. Data Collection, Structure Solution, and Refinement Statistics for the HPPK·AMP·HPPP and HPPK·HPPP Structures
HPPK·AMP·HPPP HPPK·HPPP
X-Ray Data
Radiation source rotating anode synchrotron
Detector type image plate CCD
Wavelength (A˚) 1.54178 0.97793
Space group C2 P21212
Unit-cell parameters
a (A˚) 79.69 51.59
b (A˚) 52.92 67.52
c (A˚) 36.56 35.17
 (o) 103.46 90.00
Resolution (A˚) 1.56 1.35
Measured reflections 73,676 104,446
Unique reflections 21,012 27,560
Completeness (%), overall/last shella 99.4/97.7 99.4/98.4
Rmerge,b overall/last shell 0.066/0.620 0.082/0.567
I/(I), overall/last shell 17.7/1.5 15.4/2.3
Molecular Replacement
Search model PDB 1eqo PDB 1eqo
Correlation coefficient 0.515 0.504
R factor 0.411 0.446
Refinement and Statistics
Reflections in refinement 20,020 26,223
Reflections for Rfree 992 1,297
No. residues/non-H atom 158/1,295 158/1,316
No. heterogen atoms 60 22
No. water oxygen atoms 240 298
Final Rfree 0.188 0.200
Final R factor 0.151 0.159
Rms deviation (A˚)
Bond lengths 0.010 0.012
Bond angles 0.030 0.042
Estimated coordinate error (A˚) 0.175 0.161
Overall Biso (A˚2) 25.7 16.9
Wilson B factor (A˚) 24.7 14.6
Ramachandran statistics (%)
Most favored φ/ values 93.4 93.4
Disallowed φ/ values 0.7 1.5
a 1.621.56 and 1.40–1.35 A˚ for HPPK·AMP·HPPP and HPPK·HPPP, respectively.
b Rmerge  	|(I  
I)|/ 	(I), where I is the observed intensity.
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Figure 1. Final 2Fo-Fc Electron Density Contoured at 1
(A and B) Product molecules AMP (A) and HPPP (B) in the crystal structure of HPPK·AMP·HPPP are partially disordered. The phosphate
of AMP and the pyrophosphate of HPPP have two conformations with equal probabilities.
(C) Product molecule HPPP in the crystal structure of HPPK·HPPP is ordered and well defined. The molecules are shown as ball-and-
stick models (carbon in black, nitrogen in blue, oxygen in red, and phosphorous in pink) and the electron density as green nets.
on the surface of the protein, residue 13 is in loop 1, cate that the HPPK·HPPP structure is less dynamic than
HPPK·AMP·HPPP in terms of protein-product interac-and residues 85 and 86 are in loop 3. The side chains
of surface residues and residues in flexible loops tend tions.
The disordered phosphate groups of AMP and HPPPto be flexible. However, residue N55 is not exposed and
is an HP-interacting residue. In its major conformation in the HPPK·AMP·HPPP structure are shown in Figures
1A and 1B, respectively. Previously, we observed a dis-(67% probability), the side chain of N55 forms two hydro-
gen bonds with HP, whereas in its minor conformation ordered ADP molecule in the HPPK·MgADP complex
(Xiao et al., 2001), suggesting the weak binding of nucle-(33% probability), it forms one hydrogen bond with HP.
In the HPPK·HPPP structure, residues N19, K23, T35, otide to HPPK when the -phosphate is absent, which
is also supported by our affinity data of AMP, ADP, andW89, R92, E104, E109, E130, and R144 have two confor-
mations with equal probabilities; S13 has two conforma- ATP (Shi et al., 2000). Different from the two conforma-
tions as observed in the ternary complex (Figure 1B),tions with an occupancy ratio 2:1; and residues 46–50
and side chains of R88 and W89 have weaker electron the pyrophosphate group of HPPP assumes a new con-
formation in the HPPK·HPPP structure (Figure 1C), indi-density. Among these disordered and less than well-
defined residues, residue 13 is located in loop 1, resi- cating significant conformational changes between the
two liganded states and also suggesting an increaseddues 46–50 are in loop 2, residues 86, 88, 89, and 92
are in loop 3, and residues 19, 23, 35, 104, 109, 130, protein-HPPP interaction in the binary complex.
and 144 are on the surface of the protein. Interestingly,
the side chain of N55 in HPPK·HPPP assumes only the HPPK Assumes Similar Overall Conformation
in Its Ternary Complex with AMP and HPPPmajor conformation as observed in HPPK·AMP·HPPP,
which may contribute to a tighter binding of HPPP in and Binary Complex with MgATP
The comparison between the overall structure of HPPKthe binary complex. The well-defined pyrophosphate
group of HPPP and N55 side chain in HPPK·HPPP indi- as observed in HPPK·MgAMPCPP·HP (Blaszczyk et al.,
Structure
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Figure 2. C-Trace Alignment
(A) Superposition of HPPK·AMP·HPPP (solid line; this work) and HPPK·MgAMPCPP·HP (dotted line [Blaszczyk et al., 2000]) illustrating
that loop 3 opens up after pyrophosphoryl transfer.
(B) Superposition of HPPK·AMP·HPPP (solid line; this work) and HPPK·MgAMPPCP (dotted line [Xiao et al., 2001]) demonstrating that
loops 1 and 3 in the two structures assume almost identical conformation.
(C) Superposition of HPPK·AMP·HPPP (solid line; this work) and HPPK·HPPP (dotted line; this work) indicating that only loop 1 has the
same conformation in the two structures. For clarity, only one conformation for AMP, HPPP, and ADP is shown.
Reaction Trajectory of Pyrophosphoryl Transfer
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Figure 3. Surface Representation of HPPK in Complex with Product Molecules
(A) The ternary HPPK·AMP·HPPP complex.
(B) The binary HPPK·HPPP complex. Protein is shown as surface representation, color coded in red for negative and blue for positive
potentials. Ligands are shown as ball-and-stick models in atomic colors (carbon in white, nitrogen in blue, oxygen in red, and phosphorous
in yellow). For clarity, only one conformation for AMP and HPPP is shown in the HPPK·AMP·HPPP structure.
2000) and that in HPPK·AMP·HPPP (this work) illustrates 2C). Consequently, HPPP in HPPK·HPPP becomes well
defined with one conformation (Figure 1B). Figure 3Bthat loop 3 opens up and the active center is exposed
to the environment when the HPPK-catalyzed pyro- illustrates that almost the entire HPPP molecule is con-
tained in the protein. The tight binding of HPPP in thephosphoryl transfer is completed (Figure 2A). Pre-
viously, we have observed that HPPK assumes identi- binary complex may be responsible for the fact that
product release is rate limiting in the reaction mecha-cal overall conformation in the crystal structure of
HPPK·MgADP and the NMR solution structure of nism of HPPK-catalyzed pyrophosphoryl transfer (Li et
al., 2002).HPPK·MgAMPPCP (Xiao et al., 2001). Therefore, the
overall conformation of HPPK observed in these two
structures mimics that in the binary HPPK·MgATP com- The Overall Conformation of HPPK·HPPP Is In-Between
plex. The C trace superposition of HPPK·MgAMPPCP Apo-HPPK and HPPK·MgATPanalog·HP
(Xiao et al., 2001) with HPPK·AMP·HPPP (this work) Figure 4 depicts the C trace superposition of HPPK·
shows that the overall conformations of HPPK in the HPPP with apo-HPPK (Xiao et al., 1999) and with
two complexes are almost the same except that loop 2 in HPPK·MgAMPCPP·HP (Blaszczyk et al., 2000). It ap-
HPPK·AMP·HPPP closes in and interacts with enzyme- pears that from apo-HPPK to HPPK·HPPP, both loops
bound HPPP (Figure 2B). 2 and 3 move in, to a similar extent, toward the active
center of the enzyme (Figure 4A), and that from
HPPK·HPPP to HPPK·MgAMPCPP·HP, loop 3 movesStructural Implications for Product Release
further toward the active center and loop 2 moves to-For the HPPK-catalyzed pyrophosphoryl transfer reac-
ward loop 3 (Figure 4B). The interaction between HPPKtion, the order of product release is not clear. However,
and both substrates (MgATP and HP) and the require-a prediction can be made based on available binding
ment of a sealed active center for the reaction to occurdata and structural information. It is known that -phos-
may render the HPPK·MgATPanalog·HP complex the mostphate is most critical among the three phosphate groups
compact among the three structures, and the protein-for nucleotide binding; the binding of MgAMP is 54
HPPP interactions may result in a more compact struc-times weaker than MgATP (Shi et al., 2000). The structure
ture for the HPPK·HPPP complex than the ligand-freeof HPPK·AMP·HPPP shows that HPPP is less exposed
enzyme.to the solvent than AMP (Figure 3A) and that the guanidi-
nium group of R92 interacts with the -phosphate of
AMP (Figure 2B). R92 is located in loop 3, the thermal Mechanism of HPPK-Catalyzed
Pyrophosphoryl Transfermotion of which may facilitate the release of weakly
bound AMP. Therefore, it is reasonable to assume that As illustrated in Figure 5, MgATP binds to HPPK first
(Shi et al., 2000) with a Kd of 2.6 M (Kd1), and then HPAMP is released first.
After the release of AMP, loops 2 and 3 move toward binds to HPPK with a Kd of 0.17 M (Kd2) (Li et al., 2002).
The rate constants for the forward chemical reactionthe active center and the two phosphate groups undergo
dramatic conformational changes, resulting in additional (k3), reverse reaction (k3), and product release (k4) are
16 s1, 20 s1, and 1.8 s1, respectively (Li et al., 2002),interactions between the two loops and HPPP (Figure
Structure
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Figure 4. C-Trace Alignments
(A) Superposition of HPPK·HPPP (solid line; this work) and apo-HPPK (dotted line [Xiao et al., 1999]) showing that all three loops in the
two structures assume different conformations and that, in HPPK·HPPP, loops 2 and 3 move closer toward the active center.
(B) Superposition of HPPK·HPPP (solid line; this work) and HPPK·MgAMPCPP·HP (dotted line [Blaszczyk et al., 2000]) showing that all
three loops in the two structures assume different conformations and that, in HPPK·MgAMPCPP·HP, loop 3 moves closer to the active
center and loop 2 moves toward loop 3.
indicating that product release after the chemical trans- the two Mg2 ions: (1) to induce the conformational
formation is rate limiting (Li et al., 2002). Structural infor- changes necessary to bring catalytic residues into the
mation is available for every step of the reaction except active site; (2) to orient the hydroxyl oxygen of HP, and
for the transition state, for which a model can be built the -phosphorus and the bridging oxygen between the
on the basis of the HPPK·MgAMPCPP·HP structure - and -phosphorus of ATP into an appropriate ar-
(Blaszczyk et al., 2000). rangement; (3) to activate the -phosphorus of ATP for
the nucleophilic attack; (4) to lower the pKa of the
hydroxyl group of HP; (5) to stabilize the negative chargeA Model of the Transition-State Complex
developed in the transition state; and (6) to facilitateHPPK·MgAMP-PP-HP
the departure of AMP (Blaszczyk et al., 2000). AssumingTwo Mg2 ions are required for the catalysis of HPPK
that the transition-state complex HPPK·MgAMP-PP-and other pyrophosphoryl transfer enzymes (Mildvan et
HP should have the same overall conformation asal., 1999). As observed in HPPK·MgAMPCPP·HP (Blasz-
HPPK·MgAMPCPP·HP (Blaszczyk et al., 2000) and tak-czyk et al., 2000), one Mg2 ion is coordinated with both
ing into account the roles played by the two Mg2 ions,- and -phosphates of AMPCPP and the other with
we have built a model of the catalytic center assemblyboth - and -phosphates of AMPCPP as well as the
at the transition state (Figure 6).hydroxyl oxygen of HP; both Mg2 ions are coordinated
We previously proposed an in-line single displace-with the carboxyl groups of D95 and D97. Based on
these observations, we proposed six catalytic roles for ment mechanism for HPPK-catalyzed pyrophosphoryl
Reaction Trajectory of Pyrophosphoryl Transfer
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Figure 5. Reaction Mechanism of HPPK-Cat-
alyzed Pyrophosphoryl Transfer
Thermodynamic and transient kinetic data (Li
et al., 2002; Shi et al., 2000) indicate that HP
binds much tighter to HPPK in the presence
of MgATP and that the rate-limiting step is not
chemical transformation but product release.
transfer on the basis of the HPPK·MgAMPCPP·HP ligands (data not shown) nor did it introduce any unfa-
vorable steric interactions into the catalytic center as-structure (Blaszczyk et al., 2000), where the angle
formed by the hydroxyl oxygen of HP, the -phosphorus sembly (Figure 6B).
of AMPCPP, and the bridging methylene carbon of
AMPCPP is 174.5; and the distance between the hy- Reaction Trajectory of HPPK-Catalyzed
droxyl oxygen of HP and the -phosphorus of AMPCPP is Pyrophosphoryl Transfer
3.2 A˚. In the current model of the transition-state complex, Based on the thermodynamic and transient kinetic data
HPPK·MgAMP-PP-HP, the angle formed by the hydroxyl (Li et al., 2002; Shi et al., 2000), we are able to construct
oxygen of HP, the -phosphorus of ATP, and the bridging a reaction coordinate for HPPK-catalyzed pyrophos-
oxygen of -phosphate of ATP is 180; and the distance phoryl transfer (Figure 7). Structural information is pro-
between the hydroxyl oxygen of HP and the-phosphorus vided for each step of the reaction with five structures
of ATP and that between the -phosphorus and the and one model, including apo-HPPK (crystal structure
bridging oxygen of -phosphate of ATP are both 2.5 A˚ at 1.50 A˚ [Xiao et al., 1999]), HPPK·MgAMPPCP (NMR
(Figure 6A). The modeling procedure did not interrupt solution structure, a mimic of HPPK·MgATP [Xiao et
any electrostatic interactions between the protein and al., 2001]), HPPK·MgAMPCPP·HP (crystal structure at
1.25 A˚, a mimic of HPPK·MgATP·HP [Blaszczyk et al.,
2000]), HPPK·MgAMP-PP-HP (model; this work), HPPK·
AMP·HPPP (crystal structure at 1.56 A˚; this work), and
HPPK·HPPP (crystal structure at 1.35 A˚; this work).
During one catalytic cycle, HPPK goes through six
distinct steps (Figure 7). Among the three catalytic loops,
loop 3 undergoes the most dramatic conformational
changes; it opens up twice: first after the binding of
MgATP (Figures 7A and 7B) and then after the comple-
tion of pyrophosphoryl transfer (Figures 7D and 7E).
Putting the loop 3 movement into some perspective, the
side chain of loop 3 residue W89 moves 20 A˚ from
the ligand-free state (apo-HPPK [Xiao et al., 1999]) to the
binary-complex state with MgATP (HPPK·MgAMPPCP
[Xiao et al., 2001]), and moves 28 A˚ from the ternary-
complex state with both substrates (HPPK·MgAMPCPP·
HP [Blaszczyk et al., 2000]) to the ternary complex state
with both products (HPPK·AMP·HPPP; this work).
Experimental Procedures
Protein Expression, Purification, and Crystallization
The HPPK protein was expressed and purified as previously de-
scribed (Shi et al., 2000). The crystals of the two complexes were
grown at 19C  1C with the hanging-drop vapor diffusion tech-
nique. The drops were composed with equal volumes of protein
and reservoir solutions (Table 1). The crystal of HPPK·AMP·HPPP
appeared in 3–4 days. After 2 more weeks, it reached the size suit-
able for X-ray diffraction experiments. The crystal of HPPK·HPPP
appeared in 2 months. After 2 more months, it reached the final
Figure 6. Model of the Transition-State Complex HPPK·MgAMP- size (Table 1).
PP-HP
(A) Ball-and-stick model mimicking the transition-state geometry of Data Collection and Crystal Structure Determination
Both data sets were collected at 100 K. Light emersion oil (M3516HPPK-catalyzed pyrophosphoryl transfer from ATP to HP.
(B) Space-filling model of the protein with stick model of the ligands from Sigma) was used to protect the single crystals. Data processing
was carried out with the HKL2000 program suite (Otwinowski andillustrating the relative position of AMP, PP, and HP in the catalytic
center assembly. The red and blue colors on the surface of HPPK Minor, 1997). The details of data collection and X-ray data statistics
are summarized in Table 2. Both structures were solved with theindicate negative and positive potentials, respectively.
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Figure 7. Reaction Coordinate of HPPK-Catalyzed Pyrophosphoryl Transfer
Six distinct states are proposed along the reaction coordinate, including apo-HPPK, HPPK·MgATP, HPPK·MgATP·HP, HPPK·MgAMP-PP-HP,
HPPK·MgAMP·HPPP, and HPPK·HPPP. For each catalytic state, a snapshot is provided with either a three-dimensional structure or a model,
including (A and G) the crystal structure of apo-HPPK (Xiao et al., 1999), (B) the NMR solution structure of HPPK·MgAMPPCP (Xiao et al.,
2001) mimicking HPPK·MgATP, (C) the crystal structure of HPPK·MgAMPCPP·HP (Blaszczyk et al., 2000) mimicking HPPK·MgATP·HP, (D) the
model of HPPK·MgAMP-PP-HP (this work), (E) the crystal structure of HPPK·AMP·HPPP (this work), and (F) the crystal structure of HPPK·HPPP
(this work). Helices are illustrated as cyan spirals, strands as orange arrows, and loops as gray pipes except that loop 3 is highlighted in red.
The side chain of W89 is shown as a ball-and-stick model and the ligands as van der Waals spheres (Mg2 ion in black, AMPCPP and AMP
in yellow, HP and HPPP in green, and PP in purple). The relative energies of the various states should not be inferred from the diagram.
Reaction Trajectory of Pyrophosphoryl Transfer
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molecular replacement program AMoRe (Navaza, 1994). Ligand and maps and the location of errors in these models. Acta Crystallogr.
A 47, 110–119.solvent molecules were excluded from the search models (Table 2).
The structures were initially refined using the simulated annealing Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton, J.M.
methods with CNS (Bru¨nger and Rice, 1997) followed by the least- (1993). PROCHECK: a program to check stereochemical quality of
squares refinement with SHELXL-97 (Sheldrick and Schneider, protein structures. J. Appl. Crystallogr. 26, 283–291.
1997). Positional parameters of ligands and ions were refined with Li, Y., Gong, Y., Shi, G., Blaszczyk, J., Ji, X., and Yan, H. (2002).
geometric restrictions for bond lengths, valence angles, and planar- Chemical transformation is not rate-limiting in the reaction catalyzed
ity. Anisotropic temperature factors were refined for all nonhydrogen by Escherichia coli 6-hydroxymethyl-7,8-dihydropterin pyrophos-
atoms that showed good thermal stability without disorder. The phokinase. Biochemistry 41, 8777–8783.
details of structure determination and the statistics of final struc-
Li, Y., Wu, Y., Blaszczyk, J., Ji, X., and Yan, H. (2003). Catalytic rolestures are collected in Table 2.
of arginine residues 82 and 92 of Escherichia coli 6-hydroxymethyl-
7,8-dihydropterin pyrophosphokinase: site-directed mutagenesis
Modeling of the Transition-State Complex and biochemical studies. Biochemistry 42, 1581–1588.
The starting model for HPPK·MgAMP-PP-HP was the crystal struc-
Merritt, E.A., and Bacon, D.J. (1997). Raster3D: photorealistic molec-ture of HPPK·MgAMPCPP·HP (Blaszczyk et al., 2000). First, the
ular graphics. Methods Enzymol. 277, 505–524.pyrophosphate group (PP) was broken free from AMPCPP and repo-
Mildvan, A.S., Weber, D.J., and Abeygunawardana, C. (1999). Solu-sitioned in between HP and the remaining portion of AMPCPP, and
tion structure and mechanism of the MutT pyrophosphohydrolase.the -phosphate of PP was adjusted into a planar geometry (Figure
Adv. Enzymol. Relat. Areas Mol. Biol. 73, 183–207.6A). Second, the carbon bridge between the - and -phosphate
groups in AMPCPP was replaced with an oxygen atom and the Navaza, J. (1994). An automated package for molecular replace-
geometry of the resulting AMP molecule was optimized. Finally, the ment. Acta Crystallogr. A 50, 157–163.
model was inspected for steric collisions and illustrated with both Nicholls, A., Sharp, K.A., and Honig, B. (1991). Protein folding and
ball-and-stick (Figure 6A) and space-filling (Figure 6B) models. association: insights from the interfacial and thermodynamic prop-
All graphics work was carried out using O (Jones et al., 1991). erties of hydrocarbons. Proteins 11, 281–296.
The refined structures were assessed using PROCHECK (Laskowski
Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction
et al., 1993). Illustrations were generated with program packages
data collected in oscillation mode. Methods Enzymol. 276, 307–326.
BOBSCRIPT (Esnouf, 1997), RASTER3D (Merritt and Bacon, 1997),
Sheldrick, G.M., and Schneider, T.R. (1997). SHELXL: high-resolu-and GRASP (Nicholls et al., 1991).
tion refinement. Methods Enzymol. 277, 319–343.
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